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Introduction
Lyme disease, caused by Borrelia

bgtldorferi is the most frequent vector-
borne disease in the United States.' Areas
such as woodland and forest-edge habi-
tats that support large numbers of vectors
and mammalian hosts of B. blwrgdorferi are
considered high-risk areas for disease.'
However, place of residence has been
recognized as a risk factor, and attention
has been focused on the acquisition of
disease in and around the residence.34
Investigators have attempted to identify
high-risk areas for Lyme disease by
techniques such as surveying for tick
vectors and estimating host population
abundances.>` Because of the time, ef-
fort, and money involved in surveying
vector and host populations,' identifying
easilye asasured environmental factors
that arc surrogates of risk would improve
our ability to assess risk over larger areas.

Several workers have attempted to
identify environmental characteristics of
areas associatcd with Ivodles populations
as a measure of risk. Schulze and col-
leagues devised an index of risk for Lyme
disease in New Jersey."' Using surveys of
habitat throughout New Jerscy, they iden-
tified environmental characteristics associ-
atcd with Ixvodes scapildaris, including
habitat suitability, size. and accessibility. L
scapildaris were abundant in arcas with a
mixture of hardwood and conifer trees
that had layers of shrubby vegetation,
such as forest edges." Tick abundance
also has been associated with humidity,
temperature, slopc of the landscape,'2
forested areas with sandy soils,'3 and the
intensity of residential development.4
There is a need to extend risk analysis to
larger, less well defined areas while
reducing the expcnditure of time and
resources.

The development of geographic infor-
mation systems during the past 20 years
provided the impetus for geographers to
analyze large-scale spatial patterns.'4 Con-
sequently, many detailed environmental
databases have been developed by fed-
eral, state, and local agencies. The pre-
sent study combined a geographic informa-
tion system, geographic data, and case-
control epidemiologic methods to identify
environmental risk factors for Lyme dis-
ease in Baltimore County. Md, a 1560-
km2 area.

Methods
Stludy, Site

Baltimore County. Md, lies on the
northwestern shorc of the Chesapeake
Bay, including regions of both Coastal
Plain and Piedmont. The county had a
population of 692 134 in 1990.1' Approxi-
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mately 16% of the area is heavily devel-
oped, 25% is devoted to agriculture, 39%
is residential, 10% is designated as parks,
and 11% is covered by fresh water. Thirty
percent of the county is covered by
deciduous or mixed coniferous and decidu-
ous forests. Baltimore County was se-

lected for study because it currently has
one of the best developed sets of environ-
mental databases within the state, and it
had the largest number of cases of Lyme
disease in the state during 1989 and 1990.

Study Subjects

Lyme disease was first reported in
Maryland in 1979, and incident cases

increased to 237 by 1990.16 It became a

reportable disease in the state in 1989.
Baltimore County recorded the largest
number of cases in the statel7 in 1989 and
1990.

For this study, case patients were

defined as Baltimore County residents
reported to the state health department
and subsequently confirmed to meet the
Centers for Disease Control case defini-
tion during 1989 and 1990 (n = 47).17 As
controls, 492 residences were randomly
selected from a database of address
records for the county maintained by the

Baltimore County Department ofEnviron-
mental Protection and Resource Manage-
ment.

To validate the model, address infor-
mation for the residences of patients with

incident Lyme disease cases in 1991
(n = 48) was obtained, and 495 additional
addresses were randomly selected. Ad-
dresses of both case patients and control
subjects were recorded as state plane
coordinates to geographically locate the
residences.

Study Variables

Information was obtained on the
patient's residence and the geographic
location where the tick bite occurred, if
known. Six patients reported tick bites
away from their residences.

Six databases were used to obtain
environmental information. These were

land use/land cover, forest distributions,
soils, elevation, geology, and watershed
databases maintained by the Baltimore
County Department of Environmental
Protection and Resource Management
and the Department of Geography, Tow-
son State University. All databases had a

400 ft x 500 ft (121.9 m x 152.4 m)
resolution, producing a grid map of the
county with 164 248 cells for each vari-
able.

The land use/land cover database
was generated from a composite of a

LANDSAT Thematic Mapper satellite
image obtained in 1990 and from planimet-
ric maps of the urban portions of the

county.18 The satellite image had a pixel
resolution size of 30 m x 30 m, and the

TABLE 2-Sample Sizes for
Environmental
Variables Associated
with Lyme Disease in
Baltimore County,
Maryland, 1989 through
1990

No. No.
Case Control

Patients Subjects

Watershedsa
Little/Lower 6 29
Gunpowder

Reference 21 306

Pretty Boy/ 17 56
Loch Raven

Reference 21 306

Land usea
Highly devel- 3 102
oped

Reference 1 1 103

Soilsa
Fair-good 13 71

conifer
habitat

Poor 34 421

Poor-fair her- 19 134
baceous
habitat

Good 28 358

Manor soilsb 8 33
Reference 24 326

Glenville/Gle- 15 76
neig soilsb

Reference 24 326

Geologya
Loch Raven 11 56

schist
Reference 10 300

Combined 26 137
geology

Reference 10 300

aOriginal database used for extracting
environmental variables. Only variables
with significant associations with Lyme
disease are included.

bThe name given to this particular soil series
by the US Department of Agriculture.

planimetric maps had a scale of 1:2400.
The land use/land cover database used
three categories of residential property,
six categories of urban property, three
categories of zoned but undeveloped
residential land, four categories of zoned
but undeveloped urban property, and one

category each of agricultural land, recre-

ational land, forested land, and water.

The forest distribution database was

generated from the same LANDSAT
image by using an unsupervised classifica-

American Journal of Public Health 945
July 1995, Vol. 85, No. 7

TABLE 1 -Crude and Adjusted Odds Ratios (ORs) for Environmental Variables
Associated with Lyme Disease In Baltimore County, Maryland, 1989
through 1990

Crude OR (95% Cl) Adjusted ORa (95% Cl)

Watershedsb
Little/Lower Gunpowder vs reference 3.0 (1.0, 8.7) 2.8 (1.0, 7.7)
Pretty Boy/Loch Raven vs reference 4.4 (2.1, 9.4) 3.5 (1.6, 7.4)

Land useb
Highly developed vs reference 0.3 (0.1, 1.4) 0.3 (0.1, 1.0)

Soilsb
Fair-good conifer habitat vs poor 2.5 (1.2, 5.2)
Poor-fair herbaceous habitat vs good 1.9 (1.0, 3.7)
Manor soilsc vs reference 3.4 (1.3, 8.9)
Glenville/Gleneig soilsc vs reference 2.8 (1.3, 5.9) 2.1 (1.0, 4.4)

Geologyb
Loch Raven schist vs reference 5.9 (2.2,15.9)
Combined geology vs other (Cockeys- 5.7 (2.5,13.0)

ville marble/Baltimore gneiss/
Slaughterhouse gneiss)

aAdjusted for variables in the final logistic regression model (Glenville/Glenelg soils, high-density
development, Pretty Boy/Loch Raven watersheds, Little/Lower Gunpowder watersheds, forested
areas). Variables without values were not included in the final model.

bOriginal database used for extracting environmental variables. Only variables with significant
associations with Lyme disease are included.

cThe name given to this particular soil series by the US Department of Agriculture.
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tion procedure.19 A cell was classified as

forest if more than half the cell was

forested. This database differed from the
forested-land category in the land use/

land cover database because it incorpo-
rated recreational areas as well as some

agricultural and low-density residential
areas.

The soils database was encoded from
the US Department of Agriculture soil
survey database for Baltimore County
with a 1-acre (0.004-kM2) resolution.20
The soils database mapped 61 soil series
recognized in the county.

The geology database was digitized
from Maryland Geological Survey maps

with scales of 1:63 360. It contained the 30
rock formations within the county. The
watershed database was digitized from
1:63 360 maps maintained by the Balti-
more City Department of Public Works
and showed the distributions of the 15
watersheds.

Geographic Infomation System

Environmental databases and the
state plane coordinates of the residences
of case patients and control subjects were
imported into IDRISI, a raster-based
geographic information system developed
by Clark University Graduate School of
Geography.21 The original environmental
databases were manipulated with resident
software procedures to extract the study
variables that were used for data analysis.
Initially, 127 study variables were ex-

tracted from the databases. The variables
were evaluated at the residence of each
case patient and control subject.

Data Analysis
Analyses were performed with the

BMDP statistical software system.22 Most
variables were dichotomized, and those
(n = 74) with small marginal sample sizes
were excluded from further analyses un-

less they were spatially contiguous and
shared physical properties (e.g., two adja-
cent soil types with similar soil chemistries
and physical properties), in which case

they were combined. Crude odds ratios
(ORs) were calculated for the associa-
tions between study variables and Lyme
disease. Fisher's exact P values were

calculated when expected cell sizes were
less than 5.

Continuous variables (elevation, as-

pect, slope, distances to parks and forests)
were categorized by quartiles, and linear
trends were evaluated by the chi-square
test. Stratified analysis and logistic regres-

sion were used to control for confounding
variables. Variables that were thought to

be important a priori or that were

statistically significant in the crude analy-
ses were included in the initial logistic
regression model, and their contributions
were assessed by partial F tests. The
remaining variables were added to this
initial model, and their contributions also
were evaluated by partial F tests. After
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TABLE 3-Linear Trends for the Associations of Distance from Forest and Land
Slope with Lyme Disease Risk at the Place of Residence

Crude OR (95% Ci) Adjusted ORa (95% Cl)

Distance from forest, ftb
0 9.0 (2.8, 29.8) 3.7 (1.2, 11.8)
> 0-640 3.0 (1.0, 9.4) 1.5 (0.5, 4.5)
641-1300 1.8 (0.6, 5.8) 1.1 (0.4, 3.4)
1301-2600 1.2 (0.4, 4.2) 0.9 (0.3, 2.9)
> 2600c 1.0 1.0

Slope, degreesd
Oc 1.0 1.0
0.26-1.00 1.5 (0.5, 4.7) 1.3 (0.4, 3.6)
1.01-2.30 2.0 (0.7, 5.7) 1.2 (0.4, 3.3)
>2.30 3.5 (1.4, 9.6) 1.6 (0.6, 4.4)

aVanables in the final logistic regression model are listed in Table 1.
bTest for linear trend for crude association: X2 = 14.50; P = .0001.
CReference category.
dTest for linear trend for crude association: x2 9.06; P = .0026.

Note. Lighter shading indicates increased risk.

FIGURE 1 Lyme disease-risk density map from logistic regression model that
used environmental variables in Baftimore County, Maryland, 1989
through 1990.



Lyme Disease Risk Factors

selection of the final model, all possible
interactions between variables were as-

sessed and retained when statistically
significant (P < .05).

In 1989 through 1990, six cases were

possibly misclassified as to their site of tick
exposure. The analyses were repeated
after removing these six cases from the
analysis. This final logistic regression
model did not differ from the model with
the six cases included, so only the model
with all cases is shown. Data on locations
of tick exposures were not available in
1991.

Lyme Disease Map

The logistic regression equation was

used to generate a map indicating the
areas of the county where Lyme disease
was most likely to occur. The logistic
function was imported into IDRISI, and
the maps associated with the variables in
the final model were used to generate a

composite map of risk.23 The scores were

grouped into quartiles for display pur-

poses. Areas of the county falling into the
various risk categories were determined
with procedures resident in IDRISI. The
model was validated by calculating the
Hosmer-Lemeshow goodness-of-fit statis-
tic (C) for the 1989 through 1990 data and
by comparing trends in disease risk in
1991 with risk as defined by the analysis of
the 1989 through 1990 data.

Results
Residences of Lyme disease case

patients in Baltimore County in 1989 and
1990 extended in a northwest to southeast
line through the county, with most cluster-
ing around a reservoir in the north-central
portion of the county.24 A second, smaller
cluster occurred in the southwest portion
of the county. Control addresses clustered
in areas of high population density in
three groups, along the east, west, and
north Baltimore City-Baltimore County
boundaries.

Eleven (21%) of the environmental
variables extracted from the databases
were associated (P < .05) with Lyme
disease (Tables 1-3). The risk of disease
decreased with increasing distance from

forest edge and increased with increasing
steepness of slope (Table 3). These trends
also were apparent in adjusted analyses,
although less dramatically (Table 3).
Distances from streams and parks were

not associated with a change in risk

(P > .40). There was a trend for risk to

increase with altitude (X2 = 2.98;P = .08).
However, risk decreased at the highest
altitude.

Among categorical variables, risk of
Lyme disease was elevated in two adja-
cent northern watersheds (Pretty Boy and
Loch Raven) (Table 1). Highly developed
areas, such as multiunit residential neigh-
borhoods, tended to be associated with a

reduced risk of disease (Table 1). Soils
that were suitable for conifers or were

unsuitable for herbaceous vegetation
tended to be associated with an increased
risk of disease. Well-drained, deep, loamy
soils in the Piedmont also represented a

risk for disease. Certain underlying geo-

logical formations from which the soil
developed also were associated with in-
creased risk (Table 1).

Five variables met the criterion for
inclusion in the final logistic regression
model. Residence within the combined
Pretty Boy and Loch Raven watersheds,
within the combined Little and Lower
Gunpowder watersheds, in forested ar-

eas, and on deep, loamy soils in the
Piedmont was associated with increased
risk, whereas residence in highly devel-
oped areas was a protective factor (Table
1). There tended to be an interaction
between the presence of loamy soils and
the presence of forests around the resi-
dence. The odds ratio associated with
residence in a forested area was 6.8 (95%
confidence interval [CI] = 2.4, 19.3) when
loamy soil was present, but it was only 1.8

(95% CI = 0.4, 8.5) when loamy soil was
absent (P value for interaction = .16).
The model fit the 1989 through 1990 data
well (C = 4.23, df = 8, P = .84).

The final logistic regression model
was used to generate a map of Lyme
disease risk for the county (Figure 1).
Overall, 19.0% of the county was classi-

fied in the highest-risk category for Lyme
disease, and 31.2% was classified in the

lowest-risk category (Table 4). A total of
25.9% of the county was in the low
quartile and 24.0% in the moderate
quartile.

The pattern of risk identified from
the 1989 through 1990 data was main-
tained the following year. In 1991 the
gradient of risk across the three highest
quartiles increased exponentially (X2 = 29.1;
P < .00001) (Table 4) relative to the
lowest-risk areas. The odds of infection
associated with residence in low-risk
areas was marginally elevated over that
in the reference category (OR = 2.2,
95% CI = 1.0, 4.8), whereas residence in
the highest-risk areas was associated
with a marked increase in the odds of
infection (OR = 16.5, 95% CI = 4.7,
58.5). Overall, 85.8% of the 1991 case

patients and control subjects were cor-

rectly classified by the 1989 through 1990
map. Based on the distribution of the
1991 random residences, we estimate
that 9788 people resided in the highest-
risk areas. This suggests an incidence
rate of 72/100 000 residents per year in
these areas, compared with a rate
of 4/100 000 in the lowest-risk areas

(Table 4).

Discussion
This study demonstrates that a geo-

graphic information system may be useful
in identifying environmental risk factors
associated with vector-borne infectious
diseases. Combining a geographic informa-
tion system with epidemiologic analysis
allows us to study the spatial patterns of
disease over larger geographic areas with

greater accuracy than was previously
possible.

Current approaches in geographic
information systems tend to focus on

characterizing the spatial distribution of

points or areas in relation to one anoth-
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TABLE 4-Linear Trends for the Association of Lyme Disease in 1991 with Lyme
Disease Risk at the Place of Residence in 1989 through 1990, the
Areal Extent of Baltimore County in Each Category, and the Estimated
Incidence of Disease

Risk Category 1991 Incidence
1989 through 1 g9oa OR (95% Cl) Area, km2 (per 100 000)

Lowestb 1.0 486 4.35
Low 2.2 (1.0, 4.8) 403 9.54
Moderate 3.2 (1.2, 8.6) 374 13.91
High 16.4 (4.7, 58.5) 296 71.52

aTest for linear trend for association: x2 = 29.10; P< .00001.
bReference category.



Glass et al.

er.21 For example, Kitron and colleagues
examined the spatial distribution of cap-
ture locations of I. scapularis-infested
deer in northern Illinois.13 Observational
epidemiologic methods have not been
used in geographic information system
studies to analyze spatial data. Yet these
methods may offer substantial advantages
in analyzing data derived from geographic
information systems.

Early studies suggested that resi-
dence was a risk factor for Lyme disease,
although the basis for the association was
not established.25 Subsequently, Maupin
and colleagues showed that substantial
numbers of I. scapularis occurred in and
around residences.4 Residence was cho-
sen for the present analysis because most
case patients (87%) identified no other
area for likely tick exposure.

Eliminating case patients who were
exposed to the disease away from their
residences did not affect the spatial
pattem of the risk map. However, in 1989
through 1990, five of these six case
patients resided in the lowest-risk areas,
suggesting that the detailed epidemiologic
analyses may be useful in reducing misclas-
sification. Our results indicate that the
environmental conditions in the vicinity of
residence are important, easily character-
ized measures of Lyme disease risk.

The environmental variables in the
logistic regression model were consistent
with the epidemiology of Lyme disease.
The risk associated with residence in
forested areas has been recognized since
the earliest reports of Lyme disease,25
presumably because of the habitat require-
ments of both the vector and the reservoir
species.26 The protective nature of high-
development areas is linked to the inverse
association between vector abundance
and the intensity of development in
residential areas.4

The significant association with loamy
soils also appears related to vector abun-
dance.27 These loams are mixtures of
predominantly sandy soils, with additions
of silt and clay.20 Kitron and colleagues
reported that L scapularis were most
abundant on sandy soils with deciduous
forests in Illinois.13

The large number of study variables
relative to the number of cases raises the
possibility of chance findings. Before the
results of this study can be generalized to
other geographic areas, the associations
of human disease with soil type should be
replicated in other regions.

The increased risk of Lyme disease
within specific watersheds may represent
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surrogate measures of host abundance for
adult ticks.7 The four watersheds with an
increased odds of Lyme disease are
among those with the densest deer popu-
lations in the county (Maryland Depart-
ment of Natural Resources, 1992, unpub-
lished data).

A major consideration in the study of
zoonotic diseases is determining where
control and prevention measures should
be focused. Uniting epidemiologic meth-
ods, which identify factors associated with
disease, with geographic information sys-
tem methods, which determine where
these factors occur, provides an approach
to study the distribution of diseases that
are influenced by a multitude of environ-
mental factors. O
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